We propose rationally designed 3D grating nanowires for boosting light-matter interactions. Full-vectorial simulations show that grating nanowires sustain high-amplitude waveguide modes and induce a strong optical antenna effect, which leads to an enhancement in nanowire absorption at specific or broadband wavelengths. Analyses of mode profiles and scattering spectra verify that periodic shells convert a normal plane wave into trapped waveguide modes, thus giving rise to scattering dips. A 200 nm diameter crystalline Si nanowire with designed periodic shells yields an enormously large current density of ∼28 mA∕cm 2 together with an absorption efficiency exceeding unity at infrared wavelengths. The grating nanowires studied herein will provide an extremely efficient absorption platform for photovoltaic devices and colorsensitive photodetectors.
We propose rationally designed 3D grating nanowires for boosting light-matter interactions. Full-vectorial simulations show that grating nanowires sustain high-amplitude waveguide modes and induce a strong optical antenna effect, which leads to an enhancement in nanowire absorption at specific or broadband wavelengths. Analyses of mode profiles and scattering spectra verify that periodic shells convert a normal plane wave into trapped waveguide modes, thus giving rise to scattering dips. A 200 nm diameter crystalline Si nanowire with designed periodic shells yields an enormously large current density of ∼28 mA∕cm 2 together with an absorption efficiency exceeding unity at infrared wavelengths. The grating nanowires studied herein will provide an extremely efficient absorption platform for photovoltaic devices and colorsensitive photodetectors. Nanowires (NWs) have been exploited for versatile photonic components, thus providing efficient light confinement [1] [2] [3] [4] , scattering [5] [6] [7] , and absorption [8] [9] [10] [11] [12] [13] [14] [15] [16] for nanoscale optoelectronic applications. In particular, NWs with diameters of 100-300 nm are considered promising building blocks for ultrathin photon absorbers [10] [11] [12] [13] [14] [15] [16] . Localized Mie optical resonances in NW cavities permit strong interactions with incident light beyond their physical size [10] [11] [12] [13] [14] [15] [16] , thereby contributing to the enhancement of light absorption and scattering. These optical characteristics unique to NW cavities are manipulated by a subtle change in NW morphology. Laterally or vertically oriented NWs must be assembled to realize practical large-area photovoltaic devices [9, 17] . However, submicrometer-thick individual NWs have an inherent limit for further light absorption per unit length at broadband or even specific wavelengths while their small optical cross-section presents strong influence on light absorption in NWs.
Therefore, efforts for optimization at the single NW level are required. To this end, a variety of synthesis protocols for acquiring a controlled morphology have been developed [11, 12, [18] [19] [20] [21] . For example, a rectangular Si NW produced an absorption efficiency of 0.6 at λ 700 nm due to its distinct localized mode despite the poor Si absorption coefficient at such a long wavelength [12] . Kempa et al. demonstrated vertically stacked Si NW photovoltaic devices yielding a current density (J SC ) of 14.7 mA∕cm 2 wherein an optical antenna effect mitigates screening of top-to-bottom NWs [11] . Recently, Kim et al. reported a broadband enhancement in J SC for a dielectric coating Si NWs; this behavior was very different from that of a comparable bulk system's, and similar behavior has been observed for other semiconductor NWs [16] . Therefore, exploring additional design freedom in NW morphology may impart novel strategies for tailoring light-matter interactions. For example, syntheses for adding periodic shells along the NW axis have been developed [18] [19] [20] [21] . In situ [18] [19] [20] or ex situ [21] controlled periodic shells were incorporated into NW surfaces. The subwavelength grating structures have been studied extensively on thin film planar solar cells to efficiently trap the incident light. However, there has not been, to the best of our knowledge, a systematic study on this strategy on NW cavities. In this study, we numerically investigated the absorption and scattering characteristics of 3D grating Si NWs on which dielectric or Si-shells are periodically patterned. Finite-difference time-domain (FDTD) simulations were used for acquiring absorption and scattering spectra and plotting mode profiles at optical resonances. These numerical findings manifested design principles for grating NWs and, thus, will pave the new way for the development of NW-based ultrathin photovoltaic devices.
We designed two types of grating Si NWs, as schematically shown in Fig. 1(a) : dielectric-shell modulated and Si-shell modulated NWs. Both types of NWs can be regarded as a combination of a bare NW cavity and a 1D grating. All NWs in the simulation were placed on a transparent quartz (n 1.45) substrate as shown in Fig. 1(b) . For FDTD simulations, a spatial resolution of 5 ffiffi ffi 3 p , 5, and 5 nm for x, y, and z axes, respectively [ Fig. 1(b) ], was used to represent the hexagonal cross section of a NW [11] . Periodic boundary conditions were applied along the y axis and perfectly matched layers were applied at the other axes. A total-field scattered-field (TFSF) method was applied to describe a single NW interacting with an infinite plane wave [22] . The absorption cross section of a NW was obtained by integrating J · T at each grid point within Si volume, where J and E are the polarization current density and electric field, respectively. Then, the absorption (scattering) efficiency was defined by the ratio of the NW absorption (scattering) cross section to the physical cross section [10] [11] [12] [13] [14] . Therefore, absorption efficiencies larger than unity can be observed at specific optical resonances due to an optical antenna effect [10] [11] [12] [13] [14] . J SC was defined by integrating the absorption efficiency over the wavelength range of 350-1000 nm while accounting for air-mass 1.5 G solar irradiance. To describe the exact dispersion of crystalline Si material [23] , the Drude critical point model was incorporated into the FDTD simulation [24] .
We first examined the optical properties of dielectric shell modulated NWs [top, Fig. 1(b) ]. The dielectric periodic shells can be fabricated using the following procedure. A conformal dielectric layer is deposited over as-grown NWs using a standard evaporation process [11, 16] . A well-defined patterned mask is prepared on the surface of NWs by electron-beam lithography. Then, a patterned dielectric layer is formed by a wet etching process. To probe the key optical characteristics of these grating NWs, we compared the absorption spectra of three NW structures: a bare NW, a dielectric coating NW, and a grating NW (a 400 nm) with the same Si diameter of 200 nm [ Fig. 2(a) ]. For the dielectric coating NW, a dielectric coating with a thickness of t 50 nm is set to have an effective index (n 1.225) corresponding to the periodic dielectric-shell of the grating NW. Both transverse-electric (TE) and transverse-magnetic (TM) absorption spectra exhibit new pronounced peaks at long wavelengths unique to the grating NW. For example, the grating NW yields a TE absorption peak with an amplitude of 1.33 and an estimated quality factor of ∼200, at λ 853 nm [18] . Meanwhile, all the other peaks appear at the same wavelengths for the three structures. In addition, the grating NW shows remarkable absorption at short wavelengths compared with the other structures. Notably, the enhancement in absorption is more significant for TE polarization, where the oscillation direction of the electric field is perpendicular to the NW axis [25] .
The optical behaviors of the grating NW were further investigated by changing the refractive index (n) and thickness (t) of the periodic shell [ Fig. 2(b) ]. The high-amplitude absorption peaks are slightly redshifted with an increase in n and t because the evanescent field of the optical modes is further penetrated into the grating at these shell conditions, thereby increasing their effective index. Also, the short wavelength absorption is improved with increasing n and t, which is associated with an enhanced optical antenna effect, as previously reported in the studies of dielectric coating NWs [14] [15] [16] . This absorption feature was apparent in the scattering spectra of the grating NWs obtained by using the TFSF method [ Fig. 2(c) ]. The scattering spectra are directly correlated with the absorption spectra in Fig. 2(b) , which accounts for the enhancement in absorption at λ 380-700 nm with increasing n and t. In other words, light scattering occurs strongly at every absorption peak because both quantities result from the same localized Mie optical resonances [16] . However, we find scattering dips [labeled by 3 and 3 0 in Fig. 2(c) ] at the wavelengths of the high-amplitude absorption peaks, which are in contrast with the general trend of the Mie optical resonances.
To better understand the absorption and scattering properties of the grating NWs, we obtained plots of absorption intensity and electric field at distinct optical resonances [ Figs. 3(a)  and 3(b) ]. Representative absorption intensity profiles acquired for the y − z cross section show new pronounced peaks, which we label as 2 and 2 0 in Fig. 2(b) . These differ from common peaks, which we label as 1 and 1 0 in Fig. 2(b) . The pronounced peaks exhibit an alternating absorption intensity along the NW (a) Calculated absorption spectra for a bare NW, a dielectric coating NW n; t 1.225; 100 nm, and a grating (a 400 nm) NW with n; t 1.45; 100 nm. Calculated (b) absorption and (c) scattering spectra for a bare NW and three different gratings (a 400 nm) NWs. For all the simulated structures, a 200 nm crystalline Si NW was used.
Letter axis, which indicates that periodic shells convert a normal plane wave into transversely propagating waveguide modes [18, 25] . On the other hand, the common peaks follow a simple Fabry-Perot mode oscillation. Therefore, the common cavity modes have clean and sharp profiles for the x − z cross section [10] [11] [12] [13] [14] . These features are more clearly visualized in electric field profiles [ Figs. 3(a) and 3(b) ]. One interesting aspect of the waveguide modes is that they are split into two eigenstates by frequency. One state has an antinode within a Si segment with a dielectric-shell (i.e., low-frequency mode), while the other one has an antinode within a bare Si segment (i.e., high-frequency mode). This splitting is a direct signature of coupled-cavity modes [26] . We also acquired scattered field profiles for the grating NWs [labeled by 3 and 3 0 in Fig. 2(c) ] and a bare NW [labeled by 4 and 4 0 in Fig. 2(c)] [Fig. 3(c) ] at similar wavelengths. The scattered field profiles clearly reveal that the waveguide modes from the grating NW are effectively trapped along the NW axis, thus leading to the scattering dips in Fig. 2(c) [27] .
The importance of the grating NWs was evaluated by calculating J SC [ Fig. 4(a) ]. The surface plot represents J SC of the dielectric-shell (n 2.0) modulated grating NWs with variations in their modulation depth (t) and pitch (a). Note that t 0 indicates bare NWs. The J SC increases with increasing t up to ∼100 nm, while a maximum is observed at a ∼ 400 nm, which is consistent with previous literature [25, 28] . For the grating NW with a 400 nm, J SC was calculated as a function of t with and without a backside Ag reflector [ Fig. 4(b) ]. The maximum J SC is ∼28 mA∕cm 2 with a backside Ag reflector, which, to the best of our knowledge, is a record using a crystalline Si NW and is even larger than the values from the optimized dielectric coating NWs [16] . Such a large J SC is ascribed to an enhanced optical antenna effect at short wavelengths and newly excited waveguide modes at long wavelengths.
Next, we studied another type of grating NWs: Si-shell modulated NWs [bottom, Fig. 1(a) ]. As previously mentioned, these grating NWs can be fabricated via bottom-up syntheses that control their pitch (a) and modulation depth (t) [18] . First, we investigated the absorption spectra of the grating (a 400 nm) NWs for three increasing t values [ Fig. 5(a) ]. The grating NWs still sustain the new waveguide modes at red to infrared wavelengths, though they marginally enhance light absorption at blue-to-green wavelengths compared with a bare NW [black curves, Fig. 2(a) ]. The amplitudes of the waveguide modes are reduced drastically with t > 50 nm because of increases in propagation loss (data are not shown here). The peaks assigned to the waveguide modes are slightly blueshifted with an increase in t, which arises from a reduced effective index of waveguide modes. The J SC of the grating NWs are 7.4, 8.0, and 8.5 mA∕cm 2 for t 10, 20, and 30 nm, respectively. Tuning of the waveguide modes is reliably achieved by changing a [ Fig. 5(b) ]. For these simulations, t is fixed to be 30 nm. All the waveguide modes, which are labeled as 1-4 and 1 0 -4 0 in Fig. 5(b) , are monotonically blueshifted with decreasing a. On the other hand, the other NW cavity modes are marginally affected by the change of a. Notably, the Si-shell modulated NWs effectively excite the fundamental to highorder waveguide modes, which is in contrast to the dielectric-shell modulated NWs in Fig. 2(a) . This characteristic suggests that NW-based tunable color-sensitive photodetectors are feasible.
The waveguide modes were clearly identified by plotting the electric field in the y − z cross section [Figs. 6(a) and 6(b)]. All the labeled peaks in Fig. 5(b) exhibit an alternating phase change across the NW axis, which is identical to the case of the dielectric-shell modulated NWs in Figs. 3(a) and 3(b) . For each polarization, the four peaks located at long to short wavelengths correspond to a progressively increasing order of waveguide modes, respectively. Last, we studied the effect of a conformal dielectric coating for an Si-shell modulated (t 30 nm) NW [ Fig. 6(c) ]. For comparison, the absorption spectrum of a dielectric-shell modulated NW with n; t 2.0; 100 nm was calculated. Both structures had the same pitch of 500 nm. The calculated average (TE TM) absorption spectra shows that an Si-shell modulated NW covered with an adequate dielectric coating is analogous to a dielectric-shell modulated NW in that it improves light absorption at short wavelengths due to an enhanced optical antenna effect. This result suggests that both types of grating NWs provide an extremely efficient absorption platform that may be exploited for next-generation ultrathin photon absorbers.
In summary, we designed 3D grating NWs that are characterized by a strong optical antenna effect and high-amplitude waveguide modes. Designed grating Si NWs exhibited a J SC of ∼28 mA∕cm 2 and an absorption efficiency greater than one at infrared wavelengths. The high-amplitude absorption peaks were reliably shifted in wavelength by changing the pitch of the grating NWs, which suggests the ability to tune Si-NWbased infrared photodetectors. Furthermore, these numerical findings will provide a novel strategy for designing low-cost, high-efficiency, nanomaterial photovoltaic devices. Fig. 5(b) . (c) The calculated average (TE TM) absorption spectra of a Si shell modulated (a 500 nm and t 30 nm) NW with a 100 nm dielectric (n 2.0) coating and a dielectric-shell (a 500 nm, t 100 nm, and n 2.0) modulated NW. Inset shows a schematic of a Si-shell modulated NW with a conformal dielectric coating. 
